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COLD-AIR PERFORMANCE EVALUATION OF A THREE-STAGE TURBINE 

HAVING A BLADE-JXT SPEED RATIO OF 0.156 DESIGNED 

FOR A 100,000-POUND-THRUST HYDROGEN-OXYGEN 

ROCI(ET TURBOPUMP APPLICATION* 

By Milton G. KofsBey 

SUMMARY 

A three-stage turbine designed to power the propellant pumps of a 
100,000-pound-thrust hydrogen-oxygen rocket stage was investigated ex- 
perimentally with cold air. 

Three-stage static efficiency was 0.65, and the equivalent specific 
work was 34.6 Btu per pound at design speed and an inlet-total to exit- 
static pressuze ratio of 7.02. The total eificiency at design blade- 
jet speed ratio of 0.156 was 0.71. 
total erficiencies oi 0.68, 0.66, and 0.69 in the iirst, second, and 
third stages, respectively. First-stage perYormance indicated a total 
efficiency of 0.68 and equivalent speciiic work of 11.7 Btu per pound at 
design speed and Tirst-stage pressure ratio. Two-stage total efficiency 
and work at design speed and two-stage pl.essure ratio were, L-espectively, 
0.69 and 22.8 Btu per pound. First-stage, two-stage, and three-stage 
periormance indicated good agreement with design values OP efficiency 
and equivalent specific work. 

This results fyom experimental stage 

INTRODUCTION 

The turbine research program at the NASA Lewis Research Center in- 
cludes the study or” turbines i o r  various yocket propellant pump-drive 
applications. One type 01 pwnp-drive turbine that is oi interest is for 
a bleed-type hydrogen-oxygen i.ocket application. 
speed ratios io; these turbines are low because of the high energy con- 
tent OY the hot hydrogen and steam relative to blade speeds that are 
limited by the conditions oi temperature and stress. It is desirable to 

The design blade-jet 

* Title, Unclassified . 
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obtain high turbine e f f ic ienc ies  i n  order t o  minimize the  amount of 
bleed flow and hence minimize t h e  loss i n  spec i f ic  impulse based on 
t o t a l  propellant flow. 
t h a t  multistage turbines a r e  required Tor high ef f ic ienc ies  i n  the  low 
blade- j e t  speed r a t i o  range. 

Studies such as those of' reference 1 have shown 

Athree-s tage turbine with a blade-jet  speed r a t i o  of 0.156 w a s  
designed t o  meet t h e  requirements of a bleed-type turbopump f o r  a 
100,000-pound-thrust hydrogen-oxygen rocket i n  order t o  obtain t h e  ex- 
perimental performance l e v e l  of t h i s  type o i  multistage turbine.  
turbine w a s  operated with air a t  i n l e t  conditions of 710° R and 50 
inches oi" mercury absolute.  

The 

This report  presents t h e  turbine perIormance and includes d e t a i l e d  
information on t h e  design loss assumptions, ve loc i ty  diagram calcula-  
t i o n ,  and blade design. The experimental r e s u l t s  include f i r s t - s t a g e ,  
two-stage, and three-stage perZormance over a range of speeds and pres- 
sure r a t i o s .  
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SYMBOLS 

tui-bine-exit annular area,  sq r t  

spec i r ic  heat a t  constant pressure, Btu/( l b ) ( O R )  

pressure-surface diffusion parameter, 1 - (vS ,min/~i ) 

suction-sui-race a i r fus ion  p r a m e t e r ,  1 - ( v,/v, ,mx 1 
sum of suction- and pressure-surface difffusion parameters, 

Dp + Ds 

accelerat ion due t o  gravi ty ,  3 2 . 1  i f t / sec2  

spec i f ic  enthalpy drop, Btu/lb 

mechanical equivalent o r  heat, 778.2 f t- lb/Btu 

length o i  blade mean camber l i n e ,  f t  

absolute pressure, lb/sq f t  

gas constant, f t - lb/( lb)(OR> 

absolute temperature, OR 

mean blade veloci ty ,  I"t/sec 

M 
I 
F 
0.1 
4 
0 

a 

. 
s 

. 



3 

ideal jet speed corresponding to total-to-static pressure ratio, 

, q s e c  

0, 
I W relative gas velocity, ft/sec 

M 
4 

w 

W weight-flow rate, lb/sec 

a absolute gas flow angle measured from axial direction, deg 

I Y ratio of specific heats 

6 ratio of inlet pressure to NACA sea-level pressure, pj/2116.2 

E function of y ius& in relating weight flow to that using inlet 
conditions at NACA standard sea-level atmosphere, 

’1 total efficiency, based on total-to-total pressure ratio across 
turbine 

static efficiency, based on total-to-static pressure ratio across 
turbine 

% 

Ocr squared ratio of turbine-inlet critical velocity to that of NACA 
2 

standard sea-level atmosphere, 

e momentum thickness, ft 

V 

Subscripts : 

ratio of blade- jet speed, U/Vj 

an annular 

cr conditions corresponding to Mach number of 1 

6% e exit to blade row 
7, 
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i i n l e t  

max maximum 

min minimum 

S surface 

X a x i a l  component 

Superscript : 

I absolute t o t a l  state 

TURBINE DESIGN 

As mentioned i n  t h e  INTRODUCTION, t h e  turbine design w a s  based on 
t h e  requirement of a bleed-system turbopump f o r  a 100,000-pound-thrust 
hydrogen-oxygen rocket s tage.  The design requirements f o r  the  three-  
s tage turbine having an 11.561-inch mean blade diameter a r e  as i"ol1ows: 

Equivalent weight flow, E w@, lb/sec . . . . . . . . . . . . . 1.017 

Equivalent spec i f ic  enthalpy drop, &/Ocr, Btu/lb . . . . . . . 34.92 
Equivalent mean-radius blade speed, U/<, f t / s e c  . . . . . . . 253 

Velocity Diagrams 

The design veloci ty  diagrams were calculated a t  t h e  free-stream 
stat ions ( f i g .  1) f o r  the  mean blade radius t o  meet t h e  design work re -  
quirenents, and a r e  based on the  following assumptions: 

(1) Rotor-inlet  and -ex i t  r e l a t i v e  whi r l  components of equal 
m g n i  tude 

( 2 )  Equal work s p l i t  of 11.64 Btu/lb 

As a f i r s t  approximation, s tage t o t a l  e f f i c i e n c i e s  of 0.74, 0 .72 ,  
and 0.72 were selected f o r  stages 1, 2 ,  and 3, respect ively;  these e f -  
f ic iencies  were obtained from curves of reference 1. Velocity diagrams 
were calculated with these assumed ef f ic ienc ies ,  and approximate s t a t o r  
and rotor blade prof i les  were drawn. 
were then calculated by t h e  inethod of reference 2 using values from t h e  
veloci ty  diagrams, blade prof i les ,  and assigned r a t i o s  of momentum 
thickness t o  mean camber length.  Figure 9 of reference 3 w a s  used as a 
guide i n  assigning the r a t i o  of momentum thickness t o  mean camber 

S ta tor  and r o t o r  pressure losses 

w 
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length.  The calculated s t a t o r  and rotor pressure losses then estab- 
l i shed  the  s tage t o t a l  e f f ic ienc ies .  The following t a b l e  l i s t s  t h e  
r a t i o s  of momentum thickness t o  mean camber length assigned and t h e  
resu l t ing  design parameters: 

Stage 

1 

2 

3 

Blade 1 et,t/l/ Loss 1 Velocity 
t o t a l -  coeff ic ient ,  

I I I 
Stator1 0.0035 I 0.945 I 0.956 

I I 1 

0.917 

Rotor 10.020 I 0.870 I 0.824 
I I I 

I 

1.825 I 0.70 1 0.70 
3.415 I 0.65 I 0.68 

The i d e a l  ve loc i ty  term i n  the velocity coef f ic ien t  corresponds t o  
a ve loc i ty  r e s u l t i n g  from zero losses with t h e  same area  and e x i t  s t a t i c  
pressure used i n  determining the  actual  ve loc i ty .  The o v e r a l l  s t a t i c  
e f f ic iency  w a s  0.66. Free-stream velocity diagrams a r e  shown i n  f i g -  
ure  2 .  From t h i s  f igure,  it can be seen t h a t  free-stream turning 
through -the s-tators w a s  75.0°, 126.9O, and 122.0° for the  f i r s t ,  second, 
and t h i r d  stages,  respect ively.  Free-stream turning through the  r o t o r s  
w a s  138.1°, 1 3 1 . 6 O ,  and 121.1° i n  the f i r s t ,  second, and t h i r d  s tages ,  
respect ively.  The f igure a l s o  shows t h a t  the  turbine w a s  designed with 
an e x i t  angle of approximately 43'. 

Stator  Design 

The blade prof i les  were analyzed t o  obtain the  blade surface veloc- 
i t i e s  by using the method of reference 4, applied a t  the mean radius 
because of -the high hub-tip radius r a t i o  and constant blade p r o f i l e  from 
hub t o  t i p .  

The turbine annular area w a s  increased t o  accommodate the  pressure 
losses and maintain the  prescribed velocity diagram. This w a s  accom- 
plished by increasing the  blade height i n  equal amounts at the hub and 
t i p  t o  maintain -the 11.561-inch mean diameter. The blade height from 
t h e  e x i t  of the  f i r s t - s t a g e  s t a to r  t o  t h e  i n l e t  of t h e  third-s tage r o t o r  
w a s  varied l i n e a r l y  from 0 . 3 4 1 t o  0.715 inch.  The design resu l ted  i n  
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120 ,  96, and 76 blades for the first to third stages, respectively, and 
blade solidities of 1 .936 ,  1.681, and 1.833. Total diffusion Dtot 
for each stator was comparatively low, being 0, 0.357,  and 0 .399  for 
the first to third stages, respectively. Stator blade coordinates are 
given in table I(a). 

Rotor Design 

Rotor blade profiles determined at the mean radius were designed 
by the same method used in the stator design. Blade surface and mid- 
channel velocity distributions are presented in figures 3 ( d )  to (f). 
Total diffusion Dtot for the rotors was 0.458, 0 .327 ,  and 0 . 6 0 7  for 
the first- to third-stage rotors, respectively. The design resulted in 
159,  120, and 90  blades with solidities of 1 . 7 8 6 ,  2 .346 ,  and 1 . 9 8 5  for 
the first to third stages, respectively. The rotor blade height varied 
from 0 .345  inch at the inlet to the first stage to 0.563 inch at the 
exit to the second-stage rotor. The blade height was constant at 0 . 7 1 5  
inch for t k  third-stage rotor. Coordinates for the rotor blade pro- 
files are given in table I(b). 

-1 
0 

APPARATUS 

The experimental investigation of the turbine was conducted in the 
same turbine test facility described in reference 5. The apparatus 
consisted o€ the turbine configuration, suitable housing to give uniform 
turbine-inlet flow conditions, and a cradled dynamometer to absorb tur- 
bine power output. A diagrammatic sketch of the turbine test section 
is shown in figure 4(a). Figures 4(b) to (d) show the three configura- 
tions investigated. A photograph of the three-stage rotor is shown in 
€igure 5. The turbine was driven with dry pressurized air. 

Stator blades ground from A-286 stainless-steel bar stock were lo- 
cated in slotted rings. 
steel blanks were made by an electric-arc destruction method. 

The rotor blade passages in the Inconel 700 

The rotor blade tip clearances were 0.014 inch for the first stage 
and 0.015 inch for the second and third stages. A nominal axial clear- 
ance of 0 . 0 1 9  inch between stator and rotor was used for all three 
stages. 

In order to minimize leakage between stages, labyrinth-shaft seals 
were used on the second- and third-stage stators. The seals were lo- 
cated on a 5-inch diameter, and clearance between the seal and the rotor 
hub was 0.015 inch. 
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The actual specific work output was computed from weight flow, 
torque, and speed measurements. 
calibrated ASME flat-plate orifice. The turbine output torque was meas- 
ured with a commercial self-balancing torque cell and a mercury manom- 
eter. Turbine rotative speed was measured with an electronic events- 
per-unit-time meter. 

The weight flow was measured with a 

Stator-exit static pressures were measured from three static- 
pressure taps spaced 120° apart on the outer wall immediately downstream 
of the stator blades (stations 1 to 5, fig. 1). 
centrally located in the projected stator flow passage. 

Each pressure tap was 

Turbine-inlet measurements were taken in the annulus upstream of 
the stator inlet (station 0, fig. 4(a)). 
pressure rakes were used for measurement of inlet -total pressure and 
temperature. 

Three thermocouple total- 

Turbine-exit static pressures for each of the three series of 
tests were measured in the annulus, one axial chord length downstream 
of the rotor exit. Three static-pressure taps were spaced E O o  apart 
on each of the inner and outer walls. Absolute rotor-discharge flow 
angle was measured with a two-tube wedge-type probe mounted in a self- 
alining actuator in the axial plane of the static-pressure measure- 
ments. Turbine-discharge temperature was measured with six thermo- 
couple probes located downstream of flow-straightening vanes in the 
discharge ducting, approximately 2 feet downstream of the rotor exit. 

EXPERIMENTAL PROCEDURE 

The experimental investigation was conducted with a turbine-inlet 
temperature of 710° R and an inlet pressure of 50 inches of mercury 
absolute. 

PerPormance data were obtained at turbine speeds of 70, 80, 90, 
100, and 110 percent of design, and tile exit static pressure was varied 
to give ratios of inlet-total to exit-static pressure from 1.5 to ap- 
proximately 10. Performance data were obtained for first-stage, two- 
stage, and three-stage operation. 

CALCULATIONS 

The turbine was rated on the basis of the ratio of inlet-total to 
exit-static pressure and the ratio of inlet-total to exit-total pres- 
sure. The exit total pressure was calculated Yrom weight flow, exit 
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static pressure, exit total temperature, and Plow angle from the f o l -  
lowing equation, which is a rearranged form of an equation (3) used in 
reference 6: 

Turbine efficiency was calculated as the ratio of actual turbine work 
per pound weight flow to ideal work based on inlet temperature and over- 
all pressure ratio. 

EXPERIMENTAL RESULTS 0 

First-Stage Performance 

The performance 01 the first stage of -the -three-stage turbine is 
W* 

6 ,  presented in figure 6. In this figure, equivalent weight flow E 

equivalent specific work output Ah/Ocl-, and total efficiency 7 (based 
on total-to-total pressure ratio) are plotted against the ratio of 
inlet-total to exit-static pressure for turbine speeds of 70 to 110 
percent of design speed. Total efficiency was computed because, in a 
multistage turbine, the kinetic energy at the exit of each stage except 
the last is available for the following stage. 

At design pressure ratio (1.82) and design speed, the total effi- 
ciency was 0.68 and the equivalent specific work was 11.7 Btu per pound. 
This compares favorably with design equivalent work of 11.6 Btu per 
pound and total efficiency of 0.70. The occurrence of the specific 
work greater than design and a total efficiency less than design stems 
from the fact that, at design total-to-static pressure ratio, the total- 
to-total pressure ratio was greater than design, which results in the 
reduction in total efficiency. In other words, experimental and design 
inlet-total to exit-total pressure ratios would not be the same for 
values of efficiency and work being compared. 
was 0.989, which is approximately 2.8 percent below the design value of 
1.017 pounds per second. 
over 2.5 the stator was choked and, as a result, the equivalent weight 
flow was constant for all speeds. 

Equivalent weight flow 

Figure 6(a) shows that for pressure ratios 
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Two-Stage Performance 

The perIormance oi the first two stages of the 'chree-stage turbine 
is presented in figure 7. 
eificiency are plotted against the ratio of inlet-total to exit-static 
pressure. 
0.69 and the equivalent speci€ic workwas 22.8 Btu per pound. 
compares favorably with the design values of 0.68 and 23.2. 

Equivalent specific work output and total 

At design pressure ratio ( 3 . 4 2 ) ,  the total efficiency was 
This 

Equivalent weigh'c flow at design speed and pressure ratio was 
1.000, which is 1.7 percent below the design value o€ 1.017 pounds per 
second. Figure 7(a) shows a variation of weight flow with turbine 
speeds for all pressure ratios; this indicates that the second stage is 
choked for pressure ratios above 5.5. 

Three-Stage Performance 

Overall performance of the three-stage turbine is presented in 
figure 8, where the performance parameters are plotted against ratio of 
inlet-total to exit-static pressure for turbine speeds of 70 to 110 per- 
cent of design speed. 
(7.02) and speed, the total efficiency was 0.71 and the equivalent spe- 
cific work was 34.6 Btu per pound. This agrees closely with the design 
efficiency of 0.71 and equivalent specific work of 34.9 Btu per pound. 
The curves of equivalent specific work against pressure ratio show that 
the turbine was conservatively designed in that the design point was 
not near limiting loading. Figure 8(a)  shows that the weight flow at 
design pressure ratio and speed was 0.995, which is 2.2 percent below 
the design value of 1.017 pounds per second. 
lent weight flow with speed indicates that the third-stage stator or 
rotor was choking. 

The figure shows that, at design pressure ratio 

The variation in equiva- 

Figure 9 presents the variation of static efficiency with the ratio 
of inlet-total to exit-static pressure and with blade-jet speed ratio. 
Static efficiency is plotted because the kinetic energy is not recovered 
at the turbine exit of the last stage. Figure 9(a) shows that, at de- 
sign pressure ratio (7.02) and speed, the static efficiency was 0.65, 
which agrees closely with a design efficiency of 0.66. 
shows the variation of static efficiency over the range of speeds and 
blade-jet speed ratios. The comparative flatness of the curves shows 
that the turbine was not operating near limiting loading. The trend of 
the curves also indicates that a single line drawn along the peak of 
the curves could be used -for correlation of turbine performance data 
over most of the "merating -r range covered. 

Figure 9(b) 

Figure 10 gives a comparison of the design and the experimentally 
obtained static-pressure variation through the turbine. This figure 
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was used iii conjunction with the performance curvet, of the first stage 
and the first two stages in determining the stage work split at design 
overall pressure ratio and speed. The figure shows close agreement at 
all stations except at station 3, which is at the discharge to the 
second-stage stator. The trend of pressure through the stator indicates 
that the throat area was too large, which resulted from the orientation- 
angle setting of the stator blades being smaller than design value. 

Stage works were 12.0, 10.6, and 12.0 Btu per pound for the first, 
second, and third stages, respectively, compared with the design value Y 
of 11.6 in each stage. The overall experimental total efficiency of w 
0.71therefore results from stage total efficiencies of 0.68, 0.66, and 0 

P 

4 

0.69 in the first, second, and third stages, respectively. 

The following table shows the first-, two-, and three-stage opera- 
tion at design speed and pressure ratio: b 

[Design equivalent weight flow, 1.017 lb/sec. 1 

Configura- 
tion 

First stage 

Two stage 

Three stage 

Experi - 
mental 
e qui va - 
lent 

weight 

lb/sec 
flow, 

0.989 

1.000 

.995 

Design 
equiva- 
lent 

specific 
work, 
Btu/ lb 

11.6 

23.2 

34.9 

Experi - 
mental 
equiva- 
lent 

specific 
work, 
Btu/ lb 

11.7 

22 .a 

34.6 

Design 
effi- 
ciency 

0.70 

.6% 

.71 
Ia. 66 

Experimen- 
tal effi- 

c i ency 

0.6% 

.69 

.71 
“.65 

“Static efficiency. 

Performance Comparison 

Cold-air performance of a three-stage turbine designed for a simi- 
lar hydrogen-oxygen turbopump rocket application, but of lower thrust, 
is presented in reference 7. The overall static efficiency was 0.54 at 
a blade-jet speed ratio of 0.135 as compared with a static efficiency of 
0.65 and a blade-jet speed ratio of 0.156 for the subject turbine. 
order to determine why the reference turbine had a lower efficiency, the 
following section presents a comparison of the design factors that could 
have contributed to a lower efficiency. 

In 

As mentioned previously, the design point was near limiting loading. 0 

The absolute exit velocity was 0.83, as compared with 0.52 for the 
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subject turbine. 
proximately 4 points in static efficiency. The difference in blade-jet 
speed ratio for the two turbines would result in an additional 4 ,points 
in efficiency. Therefore, the reference turbine would have a static e€- 
ficiency of approximately 0.62 if designed for the same conditions ol" 
blade-jet speed ratio and absolute discharge velocity of the subject 
turbine. Since the blade heights of the reference turbine were smaller 
than those o€ the subject turbine, increased loss due to tip clearance 
would account for part of the remaining difference in efficiency. A tip 
clearance investigation reported in reference 8 indicated that t'nere was 
a 1.75-percent decrease in turbine work for every increase in tip clear- 
ance oi 1 percent of annular passage height. Therefore, the effective 
greater tip clearance for the reference turbine accounted Tor approxi- 
mately 1.7 points in efficiency. 
blockage, and high blade loading in the second- and third-stage rotors 
could account for a large part of the remaining difference in static 
efficiency. 

This difference in exit velocity corresponds to ap- 

Increased interstage seal losses, 

SUMMARY OF RESULTS 

Results of the cold-air investigation of an 11.561-inch-mean- 
diameter three-stage turbine can be summarized as follows: 

1. At design speed and total-to-static pressure ratio, performance 
of the first stage showed that the to-tal efficiency was 0.68 and the 
equivalent specific work was 11.7 Btu per pound. This is in close 
agreement with the design values of 0.70 and 11.6 B-tu per pound. 

2. PerTormance of the first two stages at design speed and total- 
to-sta-tic pressure ratio showed that the total efficiency was 0.69 and 
equivalent specific work was 22.8 Bcu per pound. These values show good 
agreement with the design values of 0.68 and 23.2 Btu per pound. 

3. Three-stage performance at design speed and total-to-static 
pressure ratio showed that the equivalent specific work was 34.6 Btu per 
pound and the total efficiency was 0.71. Comparison with design values 
of 34.9 Btu per pound and 0.71 in efficiency indicates that design con- 
ditions were obtained experimentally. At this point, a static effi- 
ciency of 0.65 was obtained, which compares closely with the design 
value of 0.66. 

4. Three-stage performance at design speed and total-to-static 
pressure ratio showed that the equivalent weight flow was 0.995, which 
is 2.2 percent below the design value of' 1.017 pounds per second. 
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5. The experimental work split for three-stage operation at design 
speed and overall pressure ratio was 12.0, 10.6, and 12.3 Btu per pound 
with to-tal efficiencies of 0.68, 0.66, and 0.69 for the first, second, 
and third stages, respectively. This deviation from the design equal 
work distribution occurred primarily because the throat area of the 
second-stage stator was somewhat larger than design. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, September 11, 1961 
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F i r s t  stage Second stage Third stage 

Average blade length, in. 

58O20' 

0.341 I 0.435 1 0.641 

19O30' 23045 ' 

X 

3.000 
.040 
.050 
.loo 
.150 

.zoo 

.250 

.300 

.350 

.400 

.450 

.500 

.550 

.579 

.586 

120 

YU YL 

I. 040 
-000 
,001 
.031 
.052 

.063 
-066 
.062 
.055 
.04s 

.033 
-020 
.008 . 000 
.006 

Number of blades 

X 

3 .ooo 
.025 
.050 
.loo 
-150 

.zoo 

.250 

.300 

.350 
-400 

.425 

.450 

.500 

.550 

.600 

.631 

.636 

96 

YU 
0.006 
.143 
.257 
.359 
.403 

,419 
.419 
.402 
.369 
.318 

a. 285 ----- 
----e 

----e ----- 
----- 
.005 

) -006 
.037 
.083 
.145 
.187 

.213 

.228 

.232 

.226 

.211 

.198 

.184 

.147 

.097 

.037 

. 000 
-005 

x 

1.000 
.025 
.050 
.loo 
.150 

.zoo 

.250 

.300 

.350 

.400 

.450 

.500 

.550 

.575 

.600 

.650 

.700 

.750 

.800 

.850 

.876 

76 

YU 

85traight l i n e  from this point t o  point of tangency with 
leading- or  trailing-edge c i rc le .  

YL 
3.009 

.020 

.063 

.119 

.158 

,186 
.204 
.217 
.225 
.227 

.224 

.216 
,204 
.196 
.187 

.165 
-137 
.103 
.062 
.015 
,007 



14 

Gtraight  l i ne  f r o m  t h i s  point t o  point 
leading- or trailing-edge circle .  

CONFIDENTIAL 

> 

0.359 I 0.531 0.715 

i 

L 

TABLE I. - Concluded. BLADE COORDINATES 

(b) Rotor 

X 

Axis of r o t a t i o n  

First stage 1 Second atage I Third stage 

Orientation angle, cp 

-11043 * I -10°14 I -4O17 

Number of blades 

90 120 

YU 
0.008 . l l 6  

,202 
.308 
-368 

.402 

.419 

.420 

. 4 l l  

.390 

.356 
,308 

&.244 
--e- ----- 

,008 

15 9 

YU X X YU YIJ 
) .006 
.025 
.061 
.ll8 
.159 

-190 
.214 
.232 
.241 
-243 

,239 
,228 
.210 
.185 
.170 

.151 . LO7 

.051 

.009 

X 

1.000 
.025 
.050 
.075 
.loo 

.125 

.150 

.175 

.zoo 
225 

,250 
,275 
.300 
.325 
.350 

,375 
.408 

0.000 
,025 
.050 
.loo 
,150 

.200 

.250 
,300 
.350 
-400 

. 450 
-500 
.550 
.600 
.650 

.710 

.008 

.025 

.070 

.134 

.177 

-207 
.226 
.236 
.237 
.230 

.217 

.194 

.163 

.120 

.065 

,008 

3 .ooo 
.025 
.050 
.loo 
.150 

.200 

.250 

.300 

.350 

.400 

.450 

.500 
,550 
.600 
.625 

.650 

.700 

.750 

.801 

0.006 

.140 
,250 
-331 

385 
.420 
.441 
.449 
.44a 

.435 

.4lo 
,367 
,304 

".268 

----- 
----- ----- 

.009 

0.008 
-150 
.214 
,247 
,266 

,276 
.280 
.278 
.270 
.255 

,234 
".204 ----- 
--e-- ---- 
---- 

.005 

3.008 
.031 
.070 
.096 
. l l 4  

.127 

.136 

.140 

.141 

.139 

.133 

.123 

. lo9 

.090 

.065 

.035 

.005 

Gtraight  l i ne  f r o m  t h i s  point t o  point 
leading- or trailing-edge circle .  

CONFIDENTIAL 

of tangency with 

r " 
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I -  Sta t  ion 

Y 

F i r s t  stage 

Second stage 

Third stage 3 

6 

Figure 1. - Sta tor  and rotor blade passages and p r o f i l e s .  
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Figure  2. - Design mean-radius f r e e - s t r e a m  v e l o c i t y  diagram. 
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Figure 5. - Three-stage turbine rotor. 



( b )  Equivalent s p e c i f i c  work. 
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Figure 6 .  - Experimental f i rS t -S tage  performance of 
th ree-s tage  tu rb ine .  
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(a) Equivalent weight flow. 
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( r  ) Equivalent specific worK 

Ratio of inlet-total to exit-static pressure, p;/pe 

(e) Turbine efficiency. 

Figure 7. - Experimental two-stage performance of three-stage turbine. 
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(a) Equivalent weight flow. 

(b) Equivalent specific work. 
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(b)  Blade-jet speed ra t io .  

Figure 9. - Overall three-s tage turb ine  eff ic iency.  
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